We report the results of time-domain thermoreflectance (TDTR) measurements of two strongly bonded metal-oxide systems with unusually large thermal conductances. We find that TDTR data for epitaxial SrRuO 3 /SrTiO 3 interface is consistent with an interface conductance G > 0.8 GW m -2 K -1
Introduction
Thermal transport properties of bulk crystals are determined by the interplay of three characteristics: translational symmetry, atomic bonding strength, and chemical composition. 1 Near an interface, all three of these characteristics are dramatically altered compared to a bulk material and therefore thermal transport near an interface can be severely impeded. 2 Consequently, the thermal properties of nanostructured materials and nanoscale devices are often dominated by the transport properties of interfaces. 3 Thermal transport across an interface between two crystals is often described with an interfacial thermal conductance, G , that relates the heat current at the interface to the temperature drop at the interface, J G T = Δ . When heat is transported by phonons, the transport coefficient is often assumed to be 
Here, t ω , v ω , and c ω are properties for phonons of frequency j ω on one side of the interface where j labels polarization; t ω is the probability of transmission, v ω is the group-velocity, and c ω is the heat-capacity per frequency, c D n T
, where D ω is the density-of-states and n is the Bose-Einstein distribution function. According to Eq. (1), the maximum interface conductance an isotropic material can possess with another material, max G , occurs when 1 t ω = for all thermally excited vibrational modes and is limited by the rate that thermal energy in the material can impinge on a crystallographic plane. As we have defined it here, max G is determined solely by the phonon dispersion relation of a single material and therefore is a material specific property, not an interface specific property. The maximum conductance for an interface between two specific materials is restricted by detailed balance to be less than or equal to the value of max G that is lowest for the two materials. Values for max G are typically on the order of 1 GW m -2 K -1 and are linearly correlated with the product of a material's Debye velocity and volumetric heat capacity, D v C , see Fig. 1 .
Observed values of G range between max max 100 2 G G G < < , because t ω is less than unity for a significant fraction of phonon frequencies in most real interfacial systems. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Factors that cause the average value of t ω to be significantly less than unity have been well . Therefore, the SrRuO 3 /SrTiO 3 system has strong interfacial bonds, a commensurate chemical structure and commensurate bonds on both sides of the interface, with a lattice mismatch of only 0.6% at room temperature. [16] [17] [18] Transmission electron microscopy studies demonstrate that pulsed laser deposited SrRuO 3 thin-films can possess coherent and chemically abrupt interfaces with an underlying oxide substrate. 19, 20 In short, the SrRuO 3 /SrTiO 3 system possesses a model interface.
In our second set of experiments, we report TDTR measurements of G for Al/MgO between 0 and 60 GPa. High pressure measurements ensure stiff interfaces with strong atomic bonds. 21 Additionally, the reduction in lattice constant and stiffening of elastic constants with increasing pressure 22 allow us to systematically study how G compares to max G across a range Our standard thermal model for interpreting TDTR data assumes that the laser energy is deposited at the metal film surface and that the intensity fluctuations of the probe beam are proportional to the metal film's surface temperature. 26 Both of these assumptions are invalid for TDTR measurements that use the thin SrRuO 3 films as the optical transducer because the optical penetration depth of SrRuO 3 is 50 nm at the pump/probe wavelength of 785 nm, 23 which is larger than the film thickness. Therefore, we made several changes to our standard thermal model when analyzing the TDTR data collected from bare SrRuO 3 /SrTiO 3 samples. First, instead of assuming that the measured signal is proportional to surface temperature of the metal film, we follow Ref. 27 and assume it is proportional to a weighted average of the temperature profile through depths below the surface. The weighting function is calculated from an optical model for the thermoreflectance / dR dT vs. film depth using optical constants and thermo-optic coefficients measured via spectroscopic ellipsometry. 23 Second, instead of assuming the heat was deposited at the metal surface, we used a bidirectional model that deposits the heat at a plane on the interior of the metal film some distance z from the surface. Representative TDTR data for a 16 nm SrRuO 3 sample is shown in Fig. 2a . At pumpprobe delay times less than ten picoseconds, the measured signal is sensitive only to the thermal effusivity of the substrate and the heat-capacity per unit area of the metal transducer,
( )
hC . At pump-probe delay times ranging from 50 picoseconds to 2 nanoseconds, the decay rate of the signal is also sensitive to G and the thermal conductivity of the SrRuO 3 , see Fig. 2b .
In Fig. 3a In order to determine G from a TDTR measurement, we fixed ( ) rapidly with pressure than max G below 10 GPa suggests that the average transmission coefficient, t ω , is increasing due to an increase in interfacial bonding strength and stiffness. 21 This result is mildly surprising since the MgO was heated to 1200 K under high vacuum immediately prior to Al deposition in order to remove surface contamination, suggesting that interfacial stiffness is an influential parameter for interfacial conductance even when the interface is relatively clean.
Analysis and Discussion
To estimate max G using Eq. (1), we approximated the group-velocity of the acoustic phonons as
where j labels either the longitudinal or transverse phonon branches, q is the wavevector,
where n is the volumetric unit-cell density, and M ω is the maximum frequency for a wavevector in the [100]. Equation 2 yields a dispersion relation that is a second-order polynomial that converges to M ω near the zone-boundary. For the optic phonons, we assume a linear dispersion relation and calculate the group-velocity via a best-fit to the neutronscattering measurements of the dispersion relation in high-symmetry directions. Table I provides the material properties used to calculate the values of max G shown in Fig. 1 .
To test how accurate of an approx. Eq. (2) .
In the present work, we have limited our analysis to systems where the interfacial bonding can be expected to be reasonably strong because both theoretical and experimental studies have demonstrated that weak interfacial bonding can severely impede interfacial heatflow. 9, 10, 21, [35] [36] [37] In other words, weak interfacial bonding significantly lowers the probability that phonons that impinge on an interface will transmit to the other side, thereby resulting in a value for G that is determined by the microscopic details of the interface and not the two constituent materials. Alternatively, several theoretical studies have predicted that the transmission probability can be reduced by a small amount if the stiffness of interfacial bonds is made larger than the stiffness of the bonds of the two constituent materials. 35, 36 To our knowledge, a reduction in G due to overly stiff interfacial bonds has not been experimentally observed.
Despite large values of G for SrRuO 3 /SrTiO 3 and (Al/MgO) 60 GPa that are near max G , we cannot conclude that the average interfacial transmission coefficient, t ω , approaches unity for the majority of heat carrying phonons because the derivation of Eq. (1) approximates the phonon occupation of all phonons with an equilibrium phonon distribution on both sides of the interface. 38, 39 Equation (1) is only an accurate description of thermal transport across an
, where T Δ is the temperature drop at the interface and ω l is the average mean-free-path of a phonon of frequency ω . 40 In other words, max G T Δ is not the largest possible heat-current at the interface if a significant fraction of heatcarrying phonons ballistically traverse a significant temperature drop in the material prior to transmitting across the interface. The approximation ( )
is the distance across which the temperature drop in the material will equal the temperature drop at the interface . For large values of G , for a significant fraction of phonon frequencies.
In conclusion, identifying the limits to the interface conductance that are intrinsic to the constituent materials, and not intrinsic to properties of the interface, is an important step towards a complete microscopic understanding of interfacial thermal transport. We have defined a simple material property, max G , that is a useful tool for estimating the interface conductance of strongly bonded systems, see Fig. 1 . In general, the TDTR measured conductances of the clean interfaces compiled in Fig. 1 Al/MgO
